Glucocorticoids induce tyrosine aminotransferase (EC 2.6.1.5) synthesis in cultured rat hepatoma cells. These steroids penetrate the cell membrane and bind to specific cytoplasmic receptor proteins. The resulting complex binds to the nucleus. This nuclear binding has now been studied in a cell-free preparation. The reaction appears to require a temperature-dependent modification of the steroid-receptor complex. There is a fixed number of nuclear sites that are half saturated at a complex concentration of 6 to 24 x 10(-11) M. Treatment with deoxyribonuclease destroys nuclear-binding capacity. The complex also binds to purified HTC cell DNA with characteristics similar to the binding to isolated nuclei, and, as in intact cells, receptors complexed with an anti-inducer steroid bind very poorly to DNA. These data suggest that the nuclear sites for binding steroid-receptor complexes are on the DNA. Since the extent of complex binding to purified DNA exceeds that observed with isolated nuc... America, Vol. 69, no. 7, p. 1892-6 (1972 Proc. Nat. Acad. Sci. USA Vol. 69, No. 7, pp. 1892-1896, July 1972 Role of DNA and Specific Cytoplasmic Receptors in Glucocorticoid Action Communicated by C. B. Anfineen, April 14, 1979 ABSTRACT Glucocorticoids induce tyrosine aminotransferase (EC 2.6.1.5) synthesis in cultured rat hepatoma cells. These steroids penetrate the cell membrane and bind to specific cytoplasmic receptor proteins. The resulting complex binds to the nucleus. This nuclear binding has nowlbeen studied in a cell-free preparation. The reaction
nowlbeen studied in a cell-free preparation. The reaction appears to require a temperature-dependent modification of the steroid-receptor complex. There is a fixed number of nuclear sites that are half saturated at a complex concentration of 6 to 24 X 10-11 M. Treatment with deoxyribonuclease destroys nuclear-binding capacity. The complex also binds to purified HTC cell DNA with characteristics similar to the binding to isolated nuclei, and, as in intact cells,' receptors complexed with an anti-inducer steroid bind very poorly to DNA. These data suggest that the nuclear sites for binding steroid-receptor complexes are on the DNA. Since the extent of complex binding to purified DNA exceeds that observed with isolated nuclei, chromosomal proteins may act to restrict binding to certain reg'ions of the DNA. These studies suggest that steroid hormones stimulate the synthesis of specific proteins by affecting the transcription of structural or regulatory genes.
Induction of tyrosine aminotransferase (EC 2.6.1.5) by steroid hormones in hepatoma tissue culture (HTC) cells is being studied to understand the mechanism of gene regulation in mammals (1) . HTC cell cytosol contains specific steroid "receptor" proteins that appear to mediate the induction (2) (3) (4) (5) . When intact cells are exposed to inducer steroids, specifically bound hormone is predominantly found in the nuclear fraction (5) . From other studies we concluded that this is due to accumulation of steroid-cytoplasmic receptor complexes in the nucleus (4) . This mechanism, therefore, closely resembles that proposed for systems responsive to other steroid hormones [for review see Jensen et al. (6) ]. To account for the effects of inducer, anti-inducer, and suboptimal inducer steroids, we have proposed (7) that the cytoplasmic receptor is an allosteric protein that has different conformations depending on the type of steroid with which it is complexed. In support of this idea we found that inducer-bound receptors differ from those that are uncomplexed or are bound by an anti-inducer (3, 4) and that, in intact cells, inducerreceptor complexes accumulate in the nucleus, whereas antiinducer-receptor complexes remain in the cytosol (4, 5) .
Thus, the biologic actions of steroids could depend on their capacity to alter the allosteric equilibrium between different conformations of the cytoplasmic receptors.
In this report, some characteristics of the nuclear binding reaction, studied in a cell-free preparation, are presented.
Abbreviation: HTC cells, hepatoma tissue culture cells.
Inducer steroid-receptor complexes bind with high affinity to a limited number of DNA-containing nuclear sites.
MATERIALS AND METHODS
HTC cells, grown at 370 in suspension cultures to 2 to 10 X 105 cells/ml (8) , were washed by centrifugation in ice-cold buffer (0.1 M NaCl-25 mM potassium phosphate, pH 7.6), suspended in one volume of buffer A [0.02 M N-tris(hydroxymethyl) methylglycine (pH 7.4)-2 mM CaCl2-1 mM MgCl2], and homogenized. All subsequent procedures were performed at 0-4o unless otherwise mentioned. The homogenate was centrifuged at 800 X g for 10 min and the supernatant layer was centrifuged at 100,000 X g for 1 hr to yield the cytoplasmic fraction (cytosol). The sediment obtained from the centrifugation at 800 X g was suspended in a volume of buffer A equal to five times that of the original homogenate and was centrifuged again at 800 X g for 10 min. This procedure was repeated twice, and the final "nuclear" pellet was suspended in buffer A containing 0.5 M sucrose, so that 1 ml contained the nuclei from 5 to 10 X 108 cells. By light microsscopy after staining with Azure-C, the nuclear fraction contained nuclei contaminated with a few cytoplasmic "tags" and membranes.
DNA, prepared from HTC cells (9) (2) . Then, mixtures containing 0.4-ml portions of this cytosol were mixed with one volume of nuclear suspension and transferred to a bath at 200. After 1 hr, the samples were chilled on ice for 10 min and centrifuged for 10 min at 800 X g. The A. HTC cell nuclei in buffer A containing 0.25 M sucrose were incubated at 00 for 1 hr or 24 hr with bovine pancreatic DNase I (Worthington, final concentration 0.1 mg/ml). After incubation, nuclei were centrifuged at 600 X g for 10 min, and the amount of DNA liberated into the supernatant medium was determined. The nuclei were washed with buffer A containing 0.25 M sucrose, and suspended in buffer A containing 0.5 M sucrose. Aliquots (0.4 ml) of the nuclear suspension were then incubated at 200 with 1 volume of cytosol containing [3H] dexamethasone as described in Table 1 (Fig. 2) of radioactivity bound to DNA is reduced by 50-85%. 1 These studies show that purified DNA binds dexamethasone when the dexainethasone is complexed with the specific cytoplasmic receptors. Furthermore, in the experiment illustratedt, the amount of steroid-receptor complex bound to DNA (6.7 pmol/mg DNA) is greater than that which associates with an equal amount of DNA in isolated nuclei (0.6-2.2 pmol/mg DNA, range of five experiments). DISCUSSION These investigations indicate that the cytoplasmic receptors are necessary for glucocorticoid binding to a limited number of nuclear sites in steroid-responsive HTC cells, and suggest that DNA is an obligatory element of these sites. From previous studies in intact HTC cells, we had concluded that the inducer-cytoplasmic receptor complex itself binds to the nucleus (4). This reaction adequately explains the requirement for the specific cytoplasmic receptors in the present experiments. It is also consistent with our observations on glucocorticoid-sensitive and -resistant lymphoma cells (19) . Sensitive cell cytosol, which contains specific glucocorticoid receptors, promotes specific nuclear binding of dexametha-* We thank Dr. K. Yamamoto for having drawn our attention to this technique.
t In the experiment shown in Fig. 2 there is a very small peak of radioactivity eluting with the DNA sample incubated with cytosol containing the excess nonradioactive steroid. Since under these conditions no radioactivity is associated with the cytoplasmic receptors (2) , this peak could be due to the presence of other proteins that bind dexamethasone nonspecifically (3) . sone, whereas cytosol from resistant cells, deficient in the cytoplasmic receptors, does not. Cytosol receptors have also been implicated in the nuclear binding of other steroid hormones (6) . A temperature-dependent modification of the cytosol is required for optimal binding of steroid-receptor complexes to either nuclei or DNA. This modification is rapid enough at 370 to account for the rate of nuclear binding observed in intact cells at this temperature (5) . The heat step likely modifies the steroid-receptor complexes, and it may be similar to the conversion of the "8S" estrogen receptors to the "5S" form that binds to nuclei (6) . We cannot exclude, however, that heating influences other cytosol factors important for nuclear binding. We have previously presented evidence that the biologic effects of glucocorticoids may depend on their properties as allosteric effectors (3, 4) . From kinetic analyses (3), it was concluded that cytoplasmic receptors undergo conformational changes upon binding of inducers but not of anti-inducers. Since these changes occur at 00, they can be distinguished from the temperature-dependent reaction.
Our studies also suggest that DNA is an obligatory component of the nuclear binding sites. First, they are destroyed by DNase. Of particular interest is that steroid-receptor complexes may protect their binding sites but not other regions of the DNA from nuclease digestion. Second, steroid-receptor complexes bind to purified HTC cell DNA. The properties of this reaction are similar to the nuclear binding in the cell-free preparation or in intact cells (4) . Notably, there is little or no binding of anti-inducer-receptor complexes to either DNA, or to nuclei in intact cells, and the temperature-dependent step is required for both nuclear and DNA binding. Furthermore, our preliminary studies suggest that nuclei and DNA have the same affinity for the steroid-receptor complexes. Since the amount of steroid-receptor complex bound by purified DNA is greater than that observed with isolated nuclei, chromatin proteins may normally restrict the number of sites on DNA available for binding steroid-receptor complexes. The fact that binding to purified DNA qualitatively and quantitatively accounts for the nuclear binding in intact cells or isolated nuclei might indicate that the nuclear sites consist only of DNA.
If DNA is the site of steroid-receptor complex action, it seems reasonable to think that such complexes modify gene transcription. Thus, steroid hormones would not act by removing inhibitory proteins from the genome [i.e., by "depressing" genes in the classical sense (20) ] but, would act rather by adding new regulatory elements to the DNA. IIn HTC cells, glucocorticoids promote an accumulation of active messenger RNA for the induced function (1) . Whether the regulatory element added to the DNA as a result of steroidreceptor complex formation influences synthesis, degradation, or activity of this messenger RNA remains unknown. From other studies in HTC cells, a model for posttranscriptional regulation of tyrosine aminotransferase synthesis has been proposed (1) . A similar mechanism may regulate diverse functions in several cell types (21) . The steroid-receptor complexes could act independently of this posttranscriptional regulatory system or could inhibit transcription of an RNA required for synthesis of the posttranscriptional repressor.
From the present data and earlier studies, we formulate the following sequence of events (depicted in Fig. 3) for the induction of tyrosine aminotransferase by dexamethasone in HTC cells: the inducer steroid freely enters the cell (22) and, in an unmetabolized form (2, 5) , binds to intracellular cytoplasmic receptor proteins (2); the receptors undergo a conformational change upon binding of inducer (3, 4) followed by a second modification that is temperature-dependent; in this state, the dexamethasone-receptor complexes bind to DNA in the cell nucleus and influence transcription of a small number of genes, some of which are involved in the regulation of tyrosine aminotransferase synthesis.
